It has been shown that cats can be protected against infection with the prototypic Petaluma strain of feline immunodeficiency virus (FIV PET ) using vaccines based on either inactivated virus particles or replicationdefective proviral DNA. However, the utility of such vaccines in the field is uncertain, given the absence of consistent protection against antigenically distinct strains and the concern that the Petaluma strain may be an unrepresentative, attenuated isolate. Since reduction of viral pathogenicity and dissemination may be useful outcomes of vaccination, even in the absence of complete protection, we tested whether either of these vaccine strategies ameliorates the early course of infection following challenge with heterologous and more virulent isolates. We now report that an inactivated virus vaccine, which generates high levels of virus neutralizing antibodies, confers reduced virus loads following challenge with two heterologous isolates, FIV AM6 and FIV GL8 . This vaccine also prevented the marked early decline in CD4/CD8 ratio seen in FIV GL8 -infected cats. In contrast, DNA vaccines based on either FIV PET or FIV GL8 , which induce cell-mediated responses but no detectable antiviral antibodies, protected a fraction of cats against infection with FIV PET but had no measurable effect on virus load when the infecting virus was FIV GL8 . These results indicate that the more virulent FIV GL8 is intrinsically more resistant to vaccinal immunity than the FIV PET strain and that a broad spectrum of responses which includes virus neutralizing antibodies is a desirable goal for lentivirus vaccine development.
Vaccines are required urgently to contain the current pandemic of human immunodeficiency virus (HIV). Unfortunately, the induction of immunity to lentiviruses by vaccination poses particular problems since, under natural conditions, these viruses establish persistent infections despite vigorous antiviral antibody and cell-mediated immune responses by the host. Hence, neither the nature of the viral immunogens nor the mode of vaccine delivery that might protect people from natural exposure is clear from the study of naturally occurring immune responses. This is particularly true for HIV, since the means to determine whether a vaccine might protect against infection have so far, by necessity, been indirect. Until recently (4, 22) , HIV vaccine trials have been limited to observation of the immunological responses induced in human volunteers by candidate vaccines. While the chimpanzee is a realistic surrogate host for HIV vaccine testing, this endangered species is not available in sufficient numbers for statistically valid trials to be conducted; this has encouraged researchers to perform vaccine trials using macaques challenged with simian immunodeficiency virus (SIV)/HIV hybrids (SHIVs) expressing the HIV type 1 (HIV-1) env, tat, and rev genes in an SIV genomic background (12) .
Despite this daunting challenge, direct evidence of successful vaccination has been obtained in comparative animal systems, particularly feline immunodeficiency virus (FIV) and SIV. For example, protection against FIV infection has been achieved by immunization with inactivated virus vaccines. In this way, cats immunized with inactivated FIV, derived from the FL4 cell line that is infected with the Petaluma isolate (FIV PET ), were consistently protected from challenge with the homologous virus (37) . However, protection did not necessarily extend to challenge with other strains of FIV. Thus, following vaccination with inactivated FIV PET , Johnson et al. observed no protection against challenge by the Shizuoka isolate (18) , and we found no protection against the Glasgow-8 isolate of FIV (FIV GL8 ) (15) . Clearly, for the development of effective vaccines for use in the field, it is important to know the extent to which a vaccine will protect against viruses other than those in the vaccine, and in particular those that are prevalent in the population to be immunized. Thus, for HIV it is very important to know if vaccines containing immunogens of a single clade will protect against natural infection with viruses of other clades. The FIV system may have useful predictive potential, since similar genetic variation occurs in FIV and HIV (31) .
To examine the extent of heterologous protection, we tested the effect of vaccination with the inactivated FIV PET vaccine against the antigenically distinct isolates FIV AM6 and FIV GL8 (87 and 93% similarity, respectively, with FIV PET in the V3-V5 region of the envelope gene). Our previous observation that cats vaccinated with the inactivated FIV PET vaccine had much higher virus neutralizing antibody (VNA) levels to FIV PET than to FIV GL8 suggested that the difference in the extent of protection might be related to the extent of cross-neutralization by vaccine-induced antibodies (15) . This explanation was supported by later work indicating that a threshold of VNA was required for protection in the period shortly after vaccination (16) . Subsequently, as described in this report, we found that FIV GL8 was more virulent than FIV PET , establishing a higher virus load in cats than FIV PET and, unlike FIV PET , decreasing the CD4/CD8 ratio. Therefore, the FIV GL8 challenge provides a robust system to test the utility of the inactivated FIV PET vaccine in ameliorating the early course of infection, as determined by viral load or changes in CD4/CD8 ratio.
In the experiments reported here, cats were immunized with the inactivated FIV PET vaccine and then challenged with the homologous virus FIV PET or with either of two other FIV strains, FIV GL8 and FIV AM6 . The third virus, FIV AM6 , was chosen since it had been found to be more closely related to FIV PET than to FIV GL8 , as assessed by cross-neutralization with a panel of cat sera. In the event, the FIV AM6 challenge stock was found to be intermediate between FIV PET and FIV GL8 in its behavior in neutralization tests. The degree of protection provided by vaccination against challenge with these three viruses was determined in terms of virus load and changes in CD4/CD8 ratio. Possible correlations between VNA titers and protection were examined.
In addition, heterologous protection was assessed in cats immunized with FIV PET or FIV GL8 DNA vaccine. Such DNA vaccinations have been shown previously to protect cats against challenge without inducing detectable VNA (17) . This experiment also provided the opportunity to determine whether protection from FIV GL8 challenge, or indeed any decrease in viral load, might be achieved when the immunogen was precisely matched with the challenge virus.
MATERIALS AND METHODS
Cells and virus stocks. FL4 cells were a generous gift of J. K. Yamamoto, University of Florida. These cells were maintained in RPMI 1640 medium (Gibco Biocult, Paisley, United Kingdom) containing 10% fetal bovine serum (Biological Industries Ltd., Cumbernauld, United Kingdom). 2 mM L-glutamine, 5 ϫ 10 Ϫ5 M 2-mercaptoethanol, penicillin (100 IU/ml), and streptomycin (100 mg/ml) (complete RPMI 1640 medium). CrFK cells were maintained in Dulbecco's modification of minimal Eagle medium supplemented with 10% fetal bovine serum, 2 mM glutamine, sodium pyruvate (0.11 mg/ml), penicillin (100 IU/ml), and streptomycin (100 g/ml). MYA-1 cells and peripheral blood T cells were maintained in RPMI 1640 medium supplemented with recombinant human interleukin 2 (100 IU/ml; kind gift from T. Miyazawa, University of Tokyo, and M. Hattori, University of Kyoto).
Immunization of cats. The inactivated FIV PET vaccine was prepared from the culture fluid of the FL4 feline lymphoblastoid cell line that is persistently infected with FIV PET (36) . The vaccine was prepared by a method similar to that previously described (15) in which culture fluid was inactivated with 0.5% (vol/vol) paraformaldehyde prior to partial purification by two cycles of sucrose gradient centrifugation. Thirty-five 11-week-old specific-pathogen-free kittens were randomized into seven groups of five kittens. Four groups of five kittens were immunized subcutaneously at 0, 3, and 6 weeks with 250 g of inactivated virus in MF59.0 citrate adjuvant (kindly provided by Chiron Corporation), and three groups received adjuvant alone. Three weeks following the final inoculation, five cats inoculated with the inactivated virus vaccine and five cats inoculated with adjuvant alone were challenged intraperitoneally with 10 50% infectious doses (ID 50 ) of either the homologous FIV PET , FIV GL8 , or FIV AM6 as shown in Table  1 . The final group of five vaccinates was left unchallenged, allowing comparisons to be made between vaccinates following challenge.
The DNA vaccines were prepared as in a previous study (17) from reverse transcriptase (RT) deletion mutants generated from the F14 molecular clone of FIV PET (25) or from the 414 molecular clone of FIV GL8 (N. Spibey and J. Macdonald, unpublished data). The resulting DNA vaccines were designated PET⌬RT and GL8⌬RT, respectively. Thirty-six 14-week-old kittens were randomized into six groups of six kittens. The kittens were immunized intramuscularly at 0, 4, and 8 weeks with either PET⌬RT plus gamma interferon (IFN-␥) DNA, GL8⌬RT plus IFN-␥ DNA, or IFN-␥ DNA alone as shown in Table 2 . Each kitten received 100 g of each DNA in a total volume of 200 l of phosphate-buffered saline at four sites in the gastrocnemius and quadriceps muscles. On week 12, the cats were challenged intraperitoneally with 10 50% cat ID 50 of FIV PET or FIV GL8 derived from the relevant molecular clone.
Serological tests. Plasma samples were tested for the presence of VNA using a focus reduction assay in CrFK cells (6) that has been described previously (26) . Titers of antibodies recognizing FIV p17 or FIV p24 were determined by enzyme-linked immunosorbent assay (ELISA). Microtiter plates (high binding; Greiner Laboritechnik, Dursley, Gloucestershire, United Kingdom) were coated overnight either with the synthetic peptide RAISSWKQRNRWEWRPD, representing an immunodominant linear neutralization site in the third variable region of FIV gp120 (8, 23) , or with an immunodominant epitope in the transmembrane glycoprotein (TM) (1, 27, 30) represented by the synthetic peptide CNQNQ FFCK. Antibodies recognizing these FIV peptides were detected as described previously (1, 10) . These peptide sequences are conserved between the FIV PET and FIV GL8 isolates.
Flow cytometry. Samples of whole blood were collected into EDTA and processed for flow cytometry as described previously (33) . CD4 ϩ lymphocytes were detected using a 1:1:1 mixture of monoclonal antibodies vpg31, vpg33, and vpg34; CD8 ϩ lymphocytes were detected with monoclonal antibody vpg9. Primary antibodies were detected using fluorescein isothiocyanate-conjugated F(abЈ) 2 fragment of sheep anti-mouse immunoglobulin G whole molecule. Samples were analyzed on an EPICS Elite flow cytometer, 5,000 events being collected in listmode for each sample.
Isolation of FIV. Peripheral blood mononuclear cells (PBMC) were isolated from heparinized venous peripheral blood by centrifugation over Ficoll-Hypaque (Pharmacia LKB, Biotechnology Inc., Piscataway, N.J.). Then 10 6 PMBC were cocultivated with 10 6 MYA-1 cells, which are highly sensitive for FIV replication (24) . The cultures were maintained in complete RPMI 1640 medium supplemented with 100 IU of interleukin 2 per ml. Samples of culture supernatant were tested at intervals for the presence of FIV p24 by ELISA (IDEXX Laboratories, Portland, Maine), and cultures were maintained for 21 days before being scored as negative.
Semiquantitative virus isolation. The initial number of infected cells per 2 ϫ 10 6 PBMC for each cat was measured as described previously (17) . Briefly, decreasing numbers of PBMC (2 ϫ 10 6 , 2 ϫ 10 5 , 2 ϫ 10 4 , 2 ϫ 10 3 , 2 ϫ 10 2 , 20, and 2) were cocultivated, in duplicate, in 48-well plates with 10 6 MYA-1 cells in a total volume of 1.5 ml of complete RPMI 1640 medium, and samples of culture supernatant were tested on day 14 for the presence of FIV p24 by ELISA.
Quantification of proviral load. The FIV proviral load in PBMC was quantified using real-time PCR measuring PCR product accumulation through a duallabeled fluorogenic TaqMan probe (13) . The primers used were FIV0771f (5Ј-AGA ACC TGG TGA TAT ACC AGA GAC-3Ј) and FIV1081r (5Ј-TTG GGT CAA GTG CTA CAT ATT G-3Ј). The probe used in this system was FIV1010p (5Ј-FAM-TAT GCC TGT GGA GGG CCT TCC T-TAMRA-3Ј). The oligonucleotides were designed to detect a variety of FIV A-subtype isolates and have been previously shown to detect FIV PET , FIV GL8 , and FIV AM6 with only minor differences in the PCR efficiency (19, 21) . The 50-l PCR mixtures contained 10 mM Tris (pH 8.3), 50 mM KCl, 3 mM MgCl 2 , 200 nM dATP, dCTP, dGTP, 400 nM dUTP, 300 nM each primer, 200 nM fluorogenic probe, and 2.5 U of Taq DNA polymerase. After the initial denaturation (2 min at 95°C), amplification was performed with 45 cycles of 15 s at 95°C and 60 s at 60°C. The PCR and the online measurement of the emitted fluorescence were performed on an ABI 7700 sequence detector system (Perkin-Elmer, Foster City, Calif.). The copy number per PCR was calculated by the Sequence Detection software version 1.6 (Perkin-Elmer), using a 10-fold dilution series (ranging from 5 to 5 ϫ 10 5 copies) of FIV Zurich 2 containing plasmid pBSCompZ2 (kind gift from H. Lutz, University of Zurich), which served as standard in each PCR run. The DNA content per PCR was estimated by optical density measurement at 260 nm and comparison of sample aliquots on agarose gel electrophoresis after ethidium bromide staining. To calculate the percentage of infected PBMC, a mean DNA content of 6 pg per cell and one proviral copy per cell was assumed. 
RESULTS
Whole inactivated FIV PET virus vaccine protects against FIV PET but not FIV GL8 or FIV AM6 challenge. We had shown previously that the inactivated virus vaccine containing FIV PET grown in FL4 cells protected against infection with FIV PET but not against FIV GL8 . In the present experiment, cats were vaccinated as before and then challenged with either of these two viruses or with FIV AM6 , which was found to be antigenically more closely related to FIV PET than to FIV GL8 (26) . It was expected that if the degree of antigenic difference between the viruses influenced the outcome of challenge, the vaccinates might also be protected against FIV AM6 .
Following challenge, virus could not be isolated from any of the inactivated virus vaccinates challenged with FIV PET , whereas virus was isolated from three of five controls by 6 weeks after infection (Table 3) . At 24 weeks after challenge, virus was not isolated from two of these three infected cats, but a fourth control cat did yield virus at that time; at 30 weeks after challenge, virus was isolated from all four of the cats from which virus had been isolated previously. Therefore, significant protection was achieved against the homologous FIV PET (P ϭ 0.048, Fisher's exact test). Following challenge with FIV GL8 , virus was isolated consistently from three of five vaccinates and all of the five controls from 6 weeks postchallenge onward; however, this difference was not statistically significant, indicating that vaccination did not confer significant protection against FIV GL8 challenge (P ϭ 0.4). Of the cats challenged with FIV AM6 , virus was isolated from two of five vaccinates and four of five controls from 9 weeks after challenge, but again this difference was not statistically significant (P ϭ 0.2).
FIV PET vaccine significantly suppresses virus load and CD4
؉ T-cell loss in cats challenged with FIV GL8 . Even though the vaccine failed to protect a significant number of cats against challenge with the heterologous viruses, we found that it did have a notable ameliorating effect, particularly on the challenge with FIV GL8 , as indicated by greatly reduced virus load and maintenance of CD4/CD8 T-cell ratios compared with the values in unvaccinated cats. The infectious viral burden in PBMC was measured by semiquantitative virus isolation at 6, 12, and 18 weeks postchallenge. As shown in Fig. 1 , the loads were different for each strain. Notably, for each strain the loads were lower in the vaccinated cats than in the controls. The viral burden of the FIV PET -infected control cats was consistently greater than in the vaccinated cats, in which no virus was detected at any time point, but the difference just failed to reach statistical significance. Likewise, the differences in viral burden between the vaccinated cats and controls challenged with FIV GL8 were clear and consistent but not statistically significant. Nevertheless, the trend suggested that with more data, interesting differences might be revealed. Consequently, we assessed the proviral loads in PBMC 18 weeks after challenge using realtime PCR and compared the proviral loads between vaccinates and controls for each challenge virus. As shown in Fig. 2 , the proviral loads of the FIV GL8 -challenged vaccinates were significantly lower than those of the controls (means Ϯ standard errors of the means [SEM]), 0.15 Ϯ 0.04 and 2.18 Ϯ 0.8, respectively; P ϭ 0.050, Student's t test). Therefore the GL8-challenged vaccinated cats developed lower proviral loads than the controls.
A second indicator of a positive effect of the vaccine in cats infected with FIV GL8 was that the reduction in the CD4/CD8 ratio that accompanies infection with FIV GL8 (33) was not observed in the vaccinated cats. CD4 ϩ and CD8 ϩ lymphocyte numbers were measured as an indicator of the effect of infection 37 weeks following challenge. Since total lymphocyte numbers may be highly variable, the CD4/CD8 ratios were compared between the groups (Fig. 3) . The mean CD4/CD8 ratio was significantly lower for the unvaccinated controls infected with FIV GL8 than for the unvaccinated controls infected with either FIV PET (0.81 Ϯ 0.12 and 1.50 Ϯ 0.16, respectively; P ϭ 0.008) or FIV AM6 (0.81 Ϯ 0.12 and 1.63 Ϯ 0.15, respectively; P ϭ 0.003), indicating that FIV GL8 represented the most virulent challenge. Consistent with these findings, the ratios in the FIV GL8 -infected control cats were significantly lower than those of the unchallenged inactivated virus vaccinates (0.81 Ϯ 0.12 and 2.02 Ϯ 0.39, respectively, P ϭ 0.017), while there was no significant reduction in the ratios of the FIV PET -and FIV AM6 -infected control cats. It was notable that the CD4/ CD8 ratios of the inactivated virus vaccinates challenged with FIV GL8 were not significantly lower than those of the unchallenged vaccinates. This result indicated that although these cats were not protected from the FIV GL8 challenge, the decreased CD4/CD8 ratios noted in the unvaccinated, FIV GL8 -infected cats were abolished in the vaccinated, FIV GL8 -infected cats.
FIV PET vaccine induces significantly higher titers of VNA against FIV PET than against FIV GL8 or FIV AM6 . The VNA titers induced by the vaccine against the three challenge strains of FIV used in the experiment were measured and compared. As shown in Fig. 4a , there was considerable variation in the VNA response against each isolate, especially against FIV PET , with a range of Ͻ1,000 to 11,400. It was shown retrospectively that the vaccinates challenged with FIV PET all had VNA titers on the day of challenge which were close to the mean titer, not these extreme values. Also, the VNA titers of the vaccinates that were challenged with FIV GL8 or FIV AM6 were representative of the titers induced against the corresponding challenge strains. Figure 4b demonstrates that the VNA titers induced against the FIV GL8 and FIV AM6 strains were significantly lower than those induced against FIV PET . Since vaccine protection did not extend to the FIV GL8 or FIV AM6 challenge, these results were consistent with the hypothesis that high VNA titers are associated with resistance to infection with FIV (15, 16) and that the failure of the vaccine to protect against challenge with heterologous viruses might be due to antigenic differences between the viruses. However, within the FIV GL8 and FIV AM6 groups there was no absolute correlation between VNA titer to a virus and protection from challenge with that virus (Fig. 4c) .
FIV GL8 is more virulent than FIV PET or FIV AM6 . An alternative reason that we considered for the clear lack of vaccinal protection against FIV GL8 and FIV AM6 was that these viruses were more virulent than the FIV PET used for challenge, from which the vaccinates were protected. The first indication that FIV GL8 was more virulent than either of the other two viruses was that in unvaccinated control cats, only the FIV GL8 challenge lowered the CD4/CD8 T-cell ratio. Furthermore, FIV GL8 established much higher viral loads than the other two viruses, as assessed by both quantitative virus isolation (Fig. 1) and real-time PCR (Fig. 2) . Proviral loads in the PBMC of control cats challenged with 10 ID 50 of FIV PET , FIV GL8 , or FIV AM6 were compared pairwise 18 weeks after challenge. These comparisons revealed that the mean viral loads of the FIV GL8 -infected cats were significantly greater than those of the FIV PET -infected (P ϭ 0.035) and FIV AM6 -infected (P ϭ 0.048) cats. In contrast, there was no significant difference between the mean proviral loads measured in the FIV PET -infected cats compared to the FIV AM6 -infected cats (P ϭ 0.201).
DNA vaccination does not protect against challenge with GL8. Vaccination with FIV DNA provided an opportunity to determine whether protection might be achieved against FIV GL8 , using a different system in which the vaccine immunogen and challenge viruses could be matched. We demonstrated previously that a replication-defective FIV PET DNA vaccine with a deletion in the RT region of the pol gene (PET⌬RT) protected cats against challenge with the homologous FIV PET isolate and that no antiviral antibodies were detected in the sera of vaccinated cats (16) . Therefore, we extended our previous studies by testing whether the protective immune response induced by DNA vaccination, which should not include the induction of VNA, might confer protection against heterologous challenge. In this experiment we were able to carry out a cross-protection study, since we had available the original PET⌬RT vaccine and a newly developed analogous construct of FIV GL8 , GL8⌬RT.
In line with our previous studies (17) , cats were inoculated with the FIV DNA construct plus a plasmid containing the feline IFN-␥ gene as an adjuvant or with IFN-␥ plasmid alone. Following challenge, vaccinated and control cats were monitored for serological responses indicative of infection postchallenge and for evidence of infection by virus isolation and realtime PCR. After FIV PET challenge, virus could be isolated from all six control cats inoculated with IFN-␥ DNA, from five of six cats inoculated with PET⌬RT plus IFN-␥ DNA, and from three of six cats inoculated with GL8⌬RT plus IFN-␥ DNA (Table 4 ). In contrast, following FIV GL8 challenge, virus was isolated from five of six control cats inoculated with IFN-␥ DNA, from six of six cats inoculated with PET⌬RT plus IFN-␥ DNA, and from five of six cats inoculated with GL8⌬RT plus IFN-␥ DNA (Table 4) . Serological responses were detected in all cats from which virus was isolated. Hence while four of the vaccinates were protected from challenge with FIV PET , none was protected from FIV GL8 challenge.
Comparison of proviral loads by real-time PCR revealed no significant reductions in loads between the vaccinated cats and the controls. The mean viral load in the infected PET⌬RT DNA vaccinates was lower than in the control cats following FIV PET challenge, but in contrast to our earlier studies (17) , this difference failed to reach statistical significance (Fig. 5a) . Following FIV GL8 challenge, no reduction in viral load was evident in either group of vaccinates compared to the controls (Fig. 5b) . Strikingly, examination of the proviral loads at the peak of viremia, 6 weeks after challenge, demonstrated that the mean proviral load of the FIV GL8 -infected control group was approximately 20-fold greater than the mean load of the FIV PET -infected control group (0.28% versus 0.015% infected PBMC, respectively; P ϭ 0.02). These findings with the challenge stocks produced from the FIV PET and FIV GL8 molecular clones were consistent with the higher mean viral load of cats infected with the biological isolate of FIV GL8 than of cats infected with the biological isolate of FIV PET .
DISCUSSION
This study recapitulates previous findings on the strong protective effect of an inactivated virus vaccine against challenge with the homologous FIV PET strain and its relative ineffectiveness against infection with the heterologous FIV GL8 isolate (15) . In the present study, another heterologous isolate, FIV AM6 , was also found to establish infection in the majority of vaccinated cats. However, examination of the early course of infection in cats challenged with the heterologous viruses showed that those which became viremic despite receiving inactivated virus vaccine displayed no T-cell subset changes (for FIV GL8 ) and had lower virus loads as measured by realtime PCR (for FIV GL8 and FIV AM6 ), a trend which was statistically significant for the more virulent FIV GL8 isolate.
DNA vaccines based on a replication-defective mutant of FIV PET have also been shown to protect a fraction of cats against the homologous isolate (17). This study shows that analogous vaccines based on FIV PET and FIV GL8 proviruses have a limited protective effect against FIV PET . However, the DNA vaccines neither prevented infection with FIV GL8 nor led to reduced virus loads, even when the vaccine and challenge viruses were derived from the same molecularly cloned provirus. Together, these findings indicate that the virulent FIV GL8 isolate is intrinsically more resistant to vaccine-induced immune responses. The relative virulence of FIV strains has been tested systematically for only a few cases (9) . However, it seems highly likely that in the field, animals will encounter primary isolate strains typified by FIV GL8 , and it follows that candidate vaccines should be tested for their efficacy against such isolates.
The role of humoral immunity in inactivated virus vaccine protection has been the subject of previous studies. A critical role was indicated by the passive transfer of immunity to FIV PET using serum from vaccinated animals (14) and the observation that a threshold titer of VNA was associated with protection in experiments involving suboptimal immunization with inactivated virus (16) . It is therefore tempting to ascribe the relative inefficiency of heterologous protection against FIV GL8 and FIV AM6 to the lower effective titer of cross-reactive neutralizing antibodies. While all three of the challenge viruses were of FIV clade A, comparison of their potentials to cross-neutralize showed that FIV PET and FIV GL8 were clearly distinct, while FIV AM6 was more closely related, if not identical, to FIV PET (26) . The FIV AM6 stock used as the challenge virus in the present experiment was a modification of that used in the study of antigenicity, since it had been passaged once in cats and then grown in Q201 feline T cells before being used for challenge in order to raise its titer in vivo. Subsequently, in the present study, it was found to be intermediate between the other two viruses in cross-neutralization studies, and thus the challenge stock had undergone some antigenic changes relative to the strain used in the earlier neutralization studies.
However, the apparently greater effect of inactivated virus vaccination on FIV GL8 compared to FIV AM6 does not follow precisely the pattern of in vitro neutralization. This is not particularly surprising, as the efficiency of virus neutralization is strongly affected by cell substrate and may be markedly different in vivo (2) . Although virus-specific effector cytotoxic T-lymphocyte (CTL) responses were not assessed in this study, it has been shown previously that inactivated virus vaccines elicit CTL responses that correlate with long-lived protection (16) , and cross-reactive T-cell epitopes cannot be expected to have the same distribution among strains as neutralizing determinants. We conclude that serological responses, while clearly important, are not the sole determinant of protective immunity.
As in our previous studies, we found that DNA vaccines based on engineered defective proviruses carrying an in-frame deletion in pol (⌬RT) produced no detectable antiviral antibodies in the recipients. Therefore, the mechanism by which these vaccines protect against FIV PET may be quite different from that used by the inactivated virus vaccine. Strong CTL responses were induced to Env and Gag determinants by FIV⌬RT, but previous studies showed no correlation between the magnitude of these responses and the outcome of infection (11) , leading to the conclusion that cell-mediated responses to nonstructural genes or vaccine-induced innate immune responses are responsible for this phenomenon. However, in this study we found no evidence of efficacy against FIV GL8 with ⌬RT vaccines. By constructing the analogous vaccine for FIV GL8 , it was possible to conduct a reciprocal experiment in which FIV PET and FIV GL8 vaccines and challenge strains were interchanged. This experiment excludes antigenic polymorphism as the basis of the resistance of FIV GL8 to DNA vaccine protection. Rather, vaccine resistance appears to be due to the intrinsic virulence of the FIV GL8 isolate, which is manifested in a molecularly cloned virus that has not been repassaged in vivo. It should, therefore, be possible to dissect the determinants of FIV virulence by creating molecular chimeras between these two prototypic strains.
It appears that the immune response elicited by the present form of DNA vaccination is qualitatively and/or quantitatively inadequate to restrict the growth of the virulent FIV GL8 , possibly because this virus can establish a significant level of replication before an anamnestic immune response is triggered. Nevertheless, it is conceivable that these vaccines may still be of benefit when combined with the partially efficacious inactivated virus vaccines, as the strategies induce markedly different immune effector mechanisms. One study has already indicated superior cross-protection against heterologous challenge by a prime-boost strategy using canarypox virus vectors and virusinfected cells (32) . However, it is unclear whether the heterologous isolate in that case was as virulent as FIV GL8 .
Like the FIV system, the SIV/macaque model has revealed hurdles to achieving vaccine protection against virulent isolates (12) . DNA vaccines used alone have induced protection only against challenge strains with low replicative capacity, whether the challenge was SIV (3) or SHIVs expressing HIV-1 env, tat, and rev in an SIV genomic backbone (20) . In addition, SIV envelope glycoprotein vaccines elicited only limited protection against heterologous isolates (28) . However, it is encouraging that DNA priming followed by boosting with envelope glycoprotein induced protective responses superior to those obtained with either DNA or protein alone (29) . Using a DNA prime and envelope glycoprotein boost protocol, it was shown recently that macaques could be protected against a pathogenic SHIV challenge, with a proportion of immunized macaques maintaining their CD4 cell counts (12) . In addition, protection against wild-type, disease-inducing strains of SIV has been demonstrated following infection with live, attenuated deletion mutants lacking accessory genes such as nef, vpr, or vpx (5, 7, 35) . However, even a live attenuated SIV vaccine based on the SIVmac239 isolate was only partially protective against challenge with the heterologous, uncloned pathogenic SIVsm660 isolate (34) . These results reveal that we have much to learn with respect to the factors governing lentivirus vaccine efficacy and that no single virus/challenge system can be relied on to predict the behavior of HIV vaccines in human beings. While FIV vaccines suitable for use in the field may not yet be an immediate prospect, our present results encourage further studies aimed at optimizing immune responses and testing the longer-term effects of vaccines on the endpoints of disease progression and viral transmission.
